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We report on a remarkably strong, and a rather sharp, photoresistance peak originating from a dimensional
magnetoplasmon resonance (MPR) in a high mobility GaAs/AlGaAs quantum well driven by microwave radia-
tion into a zero-resistance state (ZRS). The analysis of the MPR signal reveals a negative background, providing
experimental evidence for the concept of absolute negative resistance associated with the ZRS. When the sys-
tem is further subject to a dc field, the maxima of microwave-induced resistance oscillations decay away and
the system reveals a state with close-to-zero differential resistance. The MPR peak, on the other hand, remains
essentially unchanged, indicating surprisingly robust Ohmic behavior under the MPR conditions.
PACS numbers: 73.43.Qt, 73.63.Hs, 73.40.-c
Recent low-field magnetotransport experiments in very
high mobility two-dimensional electron systems (2DES) re-
vealed a variety of remarkable phenomena,1–9 which include
microwave-induced resistance oscillations (MIRO).1,10–13
MIRO originate from either the displacement mechanism,14–18
stepping from the modification of impurity scattering by mi-
crowaves, or from the inelastic mechanism,18,19 owing to the
radiation-induced non-equilibrium distribution of electrons.
In either case, MIRO can be described by a radiation-induced
correction (photoresistivity) of the form
δρω ∝ − sin(2πω/ωc) , (1)
where ωc = eB/m⋆ is the cyclotron frequency, m⋆ is the
electron effective mass, and ω = 2πf is the microwave fre-
quency. The negative photoresistance at the MIRO minima
can approach (but cannot exceed) the dark resistivity, by abso-
lute value, giving rise to zero-resistance states (ZRS).4,5,20–25
It was predicted theoretically26 that ZRS emerge as a result of
an instability of the underlying negative resistance.
In addition to MIRO, microwave photoresistance can also
reveal magnetoplasmon resonance (MPR).1,27–32 The disper-
sion of 2D plasmons in the long-wavelength limit was calcu-
lated by Stern 33
ω2p (q) =
e2ne
2ε0ε¯m∗
q , (2)
where ε0 is the permittivity of vacuum, ε¯ is the effective di-
electric constant of the surroundings,34 and ne is the density
of 2D electrons. In a laterally confined 2DES, such as a long
Hall bar of width w, fundamental mode of standing plasmon
oscillations have a wave number q0 = π/w. Upon applica-
tion of a perpendicular magnetic field B, the plasmon mode
hybridizes with the cyclotron resonance35 and the dispersion
of a combined (magnetoplasmon) mode is given by
ω2 = ω2c + ω
2
p . (3)
In contrast to MIRO, there exists no theory of MPR photore-
sistance. However, it is believed that radiation absorption
translates to electron heating which, in turn, causes a (usually
positive36) resistivity change.27,28
While both MPR and MIRO were realized simultaneously
in several experiments,1,29–31,37 the MPR peak remained much
smaller than both MIRO and the dark resistivity. Moreover,
even in studies using ultra-high mobility 2DES, the MPR
peak remained weak but was broad enough to completely de-
stroy ZRS,29 and, as a result, their interplay could not be ex-
plored. On the other hand, it is interesting to see if the MPR
can be used to study ZRS and, e.g., to obtain information on
the underlying absolute negative resistance predicted almost a
decade ago.26 Furthermore, there exist no studies of the MPR
in strong dc electric fields, which were successfully used to
get insight into other low field phenomena.38–41
In this Rapid Communication we report on microwave pho-
toresistivity measurements in a high mobility GaAs/AlGaAs
quantum well. In addition to MIRO and ZRS, our experi-
ment reveals a remarkably strong and sharp photoresistance
peak. This peak originates from a dimensional MPR and, in
contrast to previous studies, its height is comparable to the
MIRO amplitude, to the zero-field resistivity, and is several
times larger than the dark resistivity. By tuning the microwave
frequency, the MPR and ZRS conditions can be satisfied si-
multaneously giving rise to a re-entrant ZRS interrupted by
the sharp MPR peak. Lorentzian fit of the MPR peak reveals
a negative background, providing strong evidence for the ab-
solute negative resistance associated with ZRS.26 Upon appli-
cation of a dc electric field, low-order MIRO maxima quickly
decay and the 2DES goes into a state with close-to-zero differ-
ential resistance.42 The MPR peak, on the other hand, shows
surprisingly little sensitivity to the dc field, both in its magni-
tude and in its position. This behavior implies that under the
MPR condition, the resistivity remains Ohmic to much larger
currents compared to both MIRO and the dark resistivity.
Our sample is a lithographically defined Hall bar
(width w = 50 µm) fabricated from a 300 A˚-wide
GaAs/Al0.24Ga0.76As quantum well grown by molecular
beam epitaxy. After a brief low-temperature illumination, the
density and the mobility were ne ≈ 2.9 × 1011 cm−2 and
µ ≃ 1.3 × 107 cm2/Vs, respectively. Microwave radiation
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FIG. 1. (Color online) Magnetoresistivity ρω(B)43 (dark curves) un-
der microwave irradiation of frequency (a) f = 170 GHz and (b)
f = 150 GHz at T = 0.65 K. Both panels also show ρ(B) mea-
sured without irradiation (light curves). The dashed curves are fits
to the data (see text). The vertical lines are drawn at the harmonics
of the cyclotron resonance, ω/ωc = 1, 2, 3, . . . , obtained from the
MIRO period. The MPR and X2 peaks are marked by “MPR” and
by “X2”, respectively. Arrows mark an additional series of peaks.
of frequency f , generated by a backward wave oscillator, was
delivered to the sample via a 1/4 inch (6.35 mm) diameter
light pipe. The resistivity ρω and the differential resistivity
rω ≡ dV/dI were measured using a low-frequency lock-in
technique under continuous microwave irradiation in sweep-
ing magnetic field.
In Fig. 1(a) and (b) we present resistivity, ρω, (dark curves)
as a function of magnetic field B under microwave irradiation
of frequency f = 170 GHz and f = 150 GHz, respectively,
measured at T = 0.65 K. For comparison, both panels also
show magnetoresistivity, ρ(B), measured without microwave
irradiation (light curves). Without radiation, ρ(B) exhibits
a strong negative magnetoresistance effect44–47 followed by
Shubnikov-de Haas oscillations (SdHO) at B & 1.5 kG. Un-
der microwave irradiation, the magnetoresistivity ρω(B) re-
veals pronounced MIRO which persisting up to the 10-th or-
der. Being controlled by ω/ωc [cf. Eq. (1)], MIRO appear
near the cyclotron resonance harmonics at both frequencies
(cf. vertical lines drawn at ω/ωc = 1, 2, 3, ...). We further
notice that ρω(B) reveals a series of fast oscillations super-
imposed on the second MIRO maximum [cf. ↓ in Fig. 1(a)].
At this point we are not certain about the origin of these
oscillations48 but the position and the shape of the maximum
closest to the second cyclotron resonance harmonic [marked
by “X2” in Fig. 1(a)] appear consistent with the recently dis-
covered X2 peak,41,44,45,49,50 whose nature, however, is also
unknown at this point.
Further examination of the data reveals that the lower order
MIRO minima are developed into ZRS, attesting to the high
quality of our 2DES. Remarkably, the fundamental (first or-
der) ZRS in Fig. 1(a) is interrupted by a very strong and sharp
photoresistance peak. As we show below, this peak (marked
by “MPR”) corresponds to the fundamental mode of the di-
mensional MPR, which apparently can easily destroy the cur-
rent domain structure associated with the ZRS.25,26 The height
of this MPR peak in our experiment is several times larger
than the dark resistivity. This finding contrasts with previ-
ous studies,1,27–29 where the the MPR photoresistance was
only a few percent of the dark resistivity. While the origin
of such a giant response to MPR in our 2DES is not precisely
known, it might be qualitatively explained by strong temper-
ature dependence47 of the dark resistivity in the regime of the
giant negative magnetoresistance.44–47 Under the MPR condi-
tion, this strong temperature dependence translates to a giant
resistivity peak owing to electron heating due to resonant ab-
sorption of radiation.
We next examine the height, the position, and the width of
the MPR peak shown in Fig. 1(a) in more detail. The peak
height, if measured from zero, is about 1.5 Ω, which is com-
parable to both the zero-field resistivity and the third-order
MIRO peak. However, since the MPR peak is overlapping
with the ZRS, which is believed to be characterized by the un-
derlying negative resistance,23,26 the actual height of the peak
should be even larger. To test this prediction, and to obtain
other characteristics of the MPR photoresistance, we fit our
data with Lorentzian, ρω(B) = a+ b/[(B − B0)2 + (δB)2],
and present the result as a dashed curve in Fig. 1(a). The fitting
procedure reveals the negative background a ≈ −0.45 Ω,51
suggesting that the actual height of the MPR peak in Fig. 1(a)
is close to 2.0 Ω, and that the MPR photoresistance can be
used to probe the absolute negative resistance associated with
the ZRS.52 We also notice that the half-width of the MPR
peak, δB ≈ 0.08 kG ≈ 0.16 K, is considerably smaller
than the radiative decay rate, τ−1
em
= nee
2/2ǫ0
√
ε˜m⋆c,
√
ε˜ =
(
√
12.8 + 1)/2 ≈ 2.3,53 which we estimate as τ−1
em
≈ 0.74 K
in our 2DES.
With B0 ≈ 3.0 kG and m⋆ = 0.067m0, we calculate the
plasmon frequency fp =
√
ω2 − ω2c /2π ≈ 115 GHz using
Eq. (3). This value is somewhat lower than ωp(q0)/2π ≈ 126
GHz obtained from Eq. (2). We notice that the dispersion
given by Eq. (3) is generally valid in a quasi-electrostatic ap-
proximation where the retardation effects can be ignored.54,55
According to Ref. 55, the importance of retardation can be de-
scribed by the ratio of the plasmon frequency to the frequency
of light with the same wavevector, α =
√
e2new/2πε0m⋆c2.
In our Hall bar, we estimate α ≃ 0.15 and thus do not expect
significant modification of the MPR dispersion. It is known,
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FIG. 2. (Color online) Differential resistivity rω versus magnetic
field B under microwave irradiation of f = 165 GHz measured at
T = 1.4 K for different current densities from j = 0 to 0.20 A/m,
in a step of 0.05 A/m. The traces are vertically offset for clarity by
2.5 Ω. The vertical lines are drawn at the harmonics of the cyclotron
resonance, ω/ωc = 1, 2, 3, . . . .
however, that even when retardation effects are not important
the actual plasmon frequency is expected to be about 15%
lower than ωp(q0) estimated from Eq. (2).54,55 Such a reduc-
tion was observed in both early27 and more recent28,37 experi-
ments.
As shown in Fig. 1(b), at f = 150 GHz the MPR peak is
moved towards the second MIRO maximum and is no longer
overlapping with the ZRS. This observation is consistent with
the MPR dispersion relation, Eq. (3), which dictates stronger,
compared to MIRO, dependence of the MPR peak position
on the microwave frequency. Direct comparison of the data
at f = 170 GHz and at f = 150 GHz reveals roughly
equal MIRO amplitudes, indicative of comparable effective
microwave intensities incident on our 2DES. We fit our data
(cf. dashed curve) in the vicinity of the MPR peak with
ρω(B) = a + b/[(B − B0)2 + (δB)2] + c(B − B0), where
the last term accounts for a B-dependent background. Unlike
the f = 170 GHz data, the fit reveals positive background
resistance, a ≈ 0.15 Ω, explaining a considerably higher
(≈ 2.35 Ω if measured from zero) MPR peak compared to
one at f = 150 GHz.
We now turn to the role of a dc electric field on MIRO and,
especially, on the MPR peak. In Fig. 2 we present the differ-
ential resistivity rω as a function of B measured at T = 1.4
K, under microwave irradiation of f = 165 GHz, and selected
direct current densities from j ≡ I/w = 0 to 0.20 A/m, in a
step of 0.05 A/m. The traces are vertically offset for clarity by
2.5 Ω and the vertical lines are drawn at the harmonics of the
cyclotron resonance, ω/ωc = 1, 2, 3, . . . . First, we observe
that the response of MIRO to the dc field is strongly nonlin-
ear. Indeed, already at j = 0.05 A/m (I = 2.5 µA) MIRO de-
crease in amplitude by about a factor of two and at j = 0.10
A/m almost disappear. At higher j, high-order MIRO reap-
pear and start shifting towards higher B, in agreement with
previous experimental38,39,41 and theoretical56,57 studies. This
behavior is a result of nonlinear mixing of MIRO and Hall
field-induced resistance oscillations,3,58–60 arising due to elec-
tron backscattering off short range disorder between Hall field
tilted Landau levels. On the other hand, the low order MIRO
maxima remain strongly suppressed and the data reveal a state
with close-to-zero differential resistance which spans a wide
magnetic field range. The presence of microwave irradiation
in formation of these states is not essential since they also
emerge in a non-irradiated 2DES in a similar range of elec-
tric and magnetic fields.42
Unlike MIRO, which change dramatically with increasing
dc field, the MPR peak shows surprisingly little variation both
in magnitude and in position. This behavior is totally unex-
pected since it demonstrates that the microwave radiation pro-
tects Ohmic behavior within a narrow magnetic field range
corresponding to the MPR. We note that in all previous exper-
iments within this range of dc fields, both with and without
microwave radiation, the Ohmic regime always remained lim-
ited to an order of magnitude lower magnetic fields.38,42,58
In summary, we have studied microwave photoresistance
of a Hall bar-shaped, high mobility GaAs/AlGaAs quantum
well. In addition to microwave-induced resistance oscilla-
tions and zero-resistance states, the photoresistance reveals a
distinct peak which originates from a fundamental mode of
a dimensional magnetoplasmon resonance. This MPR peak
is several times higher than the dark resistivity, likely due
to strongly temperature dependent dark resistivity47 in our
2DES. Analysis of the MPR peak, when it is superimposed
onto a ZRS, allows us to obtain information about the ZRS-
associated absolute negative resistance, which is otherwise
masked by instabilities.26 When the irradiated system is fur-
ther subject to a dc electric field, microwave-induced resis-
tance oscillations quickly decay and the 2DES exhibits a state
with close-to-zero differential resistance. The MPR peak, on
the other hand, is found to be immune to the dc field exhibiting
Ohmic behavior.
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